Keywords: photonic integrated circuit, photonic integrated circuit testing, component-wise testing, femtosecond laser writing, adaptive third harmonic generation microscopy, light-matter interaction, quantum information processing. By virtue of its rapid prototyping nature and flexibility with materials, femtosecond laser direct-writing has become a popular PIC fabrication technology for photon-based QIPs 1-8 among other application areas 9-14 . In particular, its intrinsic 3D fabrication capability uniquely enables fabrication of PICs involving arbitrary 3D photonic structures [15] [16] [17] [18] 
waveguide provides an excellent opportunity to improve understanding of the processes that lead to optimal waveguide performance. Furthermore, this understanding can aid improved design of later generation PICs.
For our demonstrations, waveguides were written inside a borosilicate glass chip with different writing pulse energies and scan speeds (see Methods). THG images of their cross-sections were taken with a custom-built adaptive THG microscope (See Supplementary Section A), as shown in Fig. 1a . From Fig. 1a , we can see how the waveguide cross-sectional THG profiles evolved along with writing parameters. We note here that while the THG depends upon the third-order non-linear optical properties of the material, in practice the measured THG signal correlates spatially to changes in refractive-index 23, 24 profiles, such that a rapid spatial transition between different refractive indices typically correlates with a high signal. First of all, under the same pulse energy, the THG profile became more complex with decreasing scan speed, which indicated more complex refractive index changes at lower scan speeds. This is contradictory to the currently well-accepted purely-thermal effect 25 -based theory of photonic structure formation with high repetition rate femtosecond lasers, since a decrease of scan speed under constant pulse energy means increase of heating effects, which by intuition should result in smoother refractive index changes and simpler THG profile. Secondly, under the same scan speed, as pulse energy was increased, areas of stronger THG signal shifted from the top to the bottom of the cross-sectional profile. The detailed evolution of the THG profile along pulse energy was more complex. These phenomena cannot jointly be explained with existing theories -neither the well-accepted thermal theory 25 or lessestablished ones like ion migration 26 . One of the striking phenomena was the sudden emergence of much stronger THG signal at the bottom middle of THG profiles 4-7, 11-14, 20-21, 27-28 and 35. As exemplified in Fig. 1b , these areas corresponded to the dark spots at the bottom of the corresponding conventional white-light microscopy images, which were aligned with the focal plane location of writing objective lens 25 ; although there was no obvious difference between those dark spots on white-light microscopy images of waveguide 19-20 and 26-27, the contrasts in terms of THG signal strength on their THG images at corresponding locations were striking. This suggests that there were actually two types of low-density region: a type I low-density region was formed through non-explosive rarefaction, for instance the marked regions on images of waveguide 19 and 26 in Fig. 1b ; a type II low-density region was the broadly recognised one which is formed by micro-explosion 27, 28 and represented by the marked regions on the images of waveguide 20 and 27. The slight changes of writing pulse energy from waveguide 19 and 26 to waveguide 20 and 27 respectively implies that there was a thresholdlike sharp transition between formations of the two types of low-density regions. The adaptive THG microscope also enabled us to study the micro-morphology of a PIC component from structural and dimensional aspects. To reveal the structural and geometrical profiles of the written waveguides, the THG images shown in Fig. 1a were re-rendered with a different colourmap (See Supplementary Section B).
The structural evolution of the waveguides is summarised in Fig. 2a , from which we can see that the waveguides written with moderate scan speeds and pulse energies exhibited clearly what has been referred to elsewhere as "core-cladding" structures 25 . The cladding gradually disappeared as scan speed and pulse energy were decreased but the core tended to disappear with increasing scan speed and pulse energy. Type II low-density regions emerged at high pulse energies and moderate scan speeds. This structural evolution also cannot be fully explained with the existing theories 25, 26 . In Fig. 2b the differences between the measured waveguide outer dimensions in X direction (OD X ) and those of waveguides written with scan speed of 0.1 mm/s (OD X (0.1)) are presented; this is to reveal another counterintuitive phenomenon: at pulse energy of 78 and 86 nJ and scan speed of 0.1 and 0.3 mm/s, which are located at the bottom left corner in Fig. 2a with core-only structures, the written waveguides have smaller outer dimensions in X than those written with higher scan speed; once again this phenomenon is inexplicable with the existing theories 25, 26 . However, we found out that this phenomenon correlated with the dimensional evolution of the plasma emission spot generated during waveguide writing. The measured (see Methods) normalized plasma dimension (NPD) result is shown in Fig. 2c ; similarly this result is presented in form of NPD -NPD(0.1), where NPD(0.1) is the NPD at scan speed of 0.1 mm/s. From Fig. 2b and c, we can see that there is clear correlation between the outer dimensions in the transverse X direction of written structures and those of the emission plasma spots during writing. Based on this correlation together with previous report on plasma dynamics 29 and distribution controlling 30 during writing, we believe that plasma plays at least an indicative role in the formation of laser written structures. The nonreciprocal laser writing phenomenon [33] [34] [35] [36] [37] -where waveguides written with laser translation in opposite directions exhibit different properties -was previously discovered only by the difference in appearance under a white-light microscope. However, within certain process window, we found out that although under a white-light microscope there was no obvious difference between waveguides written with only opposite directions, their polarization and loss properties, as well as their THG images, were still different; and the difference between the THG images was more pronounced and distinct than the difference between their
Near field mode profile 8 43 8 polarization or loss properties. We first present here this discovery and then use it as an example to demonstrate how to qualitatively and comparatively determine the polarisation properties of a waveguide relative to another one of the same length, through their THG images.
Three pairs of waveguides were written in fused silica with different pulse energies (see Methods); within each pair, only the scan directions were reversed; other writing parameters and waveguide lengths were kept unchanged. Their cross-sectional THG images are shown in Fig. 4a , where we can see that for the pair written with pulse energy of 23.6 nJ, both the shapes and signal strengths of their THG images were clearly different, which contrasted with the similarity of their white light microscopy images; at pulse energy of 25.2 nJ, their signal strengths were still different but their shapes were similar; as the pulse energy was increased to 26. 
Prediction of complex PIC components' properties based on THG images
Applications of PICs like photon-based QIPs use complex waveguiding components such as directional couplers and multimode couplers like 3D tritters 16 , like those shown schematically in Fig. 5a and b. As examples of how to determine component performance based on THG images, a set of directional couplers and 3D tritters were fabricated using the same selected writing parameters based on the previous study results shown in Fig. 1 and which we can see that the two sets of results agreed well. As shown in the inset of Fig. 5f , the tritter was designed such that three waveguides were situated at the vertices of an isosceles triangle in the coupling region; the triangle was formed by shifting the top waveguide downwards ΔY from an equilateral triangle. According to the tritter design, the three waveguides in coupling regions should be equidistant in the X direction, which meant the ratio of X 12 /X 13 in Fig. 5g should ideally be unitary; but after fabrication and analysis of the THG images, it was found out that for all the fabricated tritters the ratio of X 12 /X 13 was around 0.8, which we believed was due to the nonreciprocal laser writing effect since within each tritter waveguide W1 and W2 were fabricated with scan direction opposite to that of waveguide W3. This slight discrepancy between the designed and measured X 12 /X 13 ratios further underlined the importance of THG imaging in PIC fabrication and testing. The simulated output-splitting ratios of the tritters based on the designed and measured X 12 /X 13 ratios were both compared with the measured results as shown in Fig. 5f and Fig. 5h . It can clearly be seen that the simulated transmission based on the measured X 12 /X 13 ratio agreed well with the measured transmission. We would like to point out that all the directional couplers and tritters we have made were tested to be polarization sensitive, especially the tritters; the measured output splitting ratios shown in Fig. 5e , f and h were taken with a vertical (Y axis in Fig. 5 ) polarized input beam (See Methods). As detailed in Supplementary Section E, for computational efficiency our current simulation methods are based on solving the coupled mode equations of waveguide optics 16, 38 with assumption of identical and step-function refractive index change profile for all the waveguides in a PIC component. This means that our current simulation is able to perform only polarization-independent simulations. However we believe this limitation could be removed by performing the simulation completely in a finite element numerical solver like COMSOL, especially when the complete 3D
THG image of a PIC component, instead of only a cross-sectional THG image, is inputted into COMSOL for simulation.
This demonstration shows clearly that simulations of the performance of complex PIC components like the directional coupler and the tritter can be improved using information obtained using THG microscopy.
Conclusion and outlook
Based on a custom-built adaptive THG microscope we have demonstrated a method to test individual components inside a PIC by assessing their performance based on their THG images; this method has been demonstrated for both basic quantum PIC component and more complex components. This component-wise testing method will enable the further scaling up of PICs, which is currently bottlenecked by fabrication errors and variations in substrate uniformity. It is likely that fabrication becomes even more challenging, given the ever-stricter requirements on and fast-growing complexity of PIC demanded by many applications like photonbased quantum computing. Moreover, we also demonstrated that this method provides a new pathway for us to study the fundamentals of light-matter interaction, through discovering following new phenomena as examples:
I) the micro-morphological evolution of waveguides along writing parameters, including the evolution of corecladding structure and two types of low-density region; II) the correlation between the waveguide crosssectional dimension and the dimension of plasma emission spot during writing.
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Although this method was demonstrated with femtosecond-laser-written PICs in glasses, we expect this method can be directly extended to component-wise testing any silica-on-silicon PIC like UV-written 19 All the directional couplers and 3D tritters were written with pulse energy of 85nJ and scanning speed of 2 mm/s, in Corning EAGLE 2000 glass; the writing parameters were chosen to balance between propagation loss and mode shape. The radius of all the curved parts of the directional couplers and 3D tritters was 50 mm.
The separation between two waveguides in the coupling regions of all written directional couplers was 8 µm.
Every 3D tritter was designed in a way that the three waveguides were situated at vertices of an isosceles triangle in the coupling region; the triangle was formed by shifting the top waveguide downwards ΔY from an equilateral triangle with side length of 8 µm. The set of 3D tritters were fabricated with ΔY varying from 0.2 µm to 1.4 µm.
THG imaging.
The excitation laser of the custom-built adaptive THG microscope was a chromium forsterite laser with pulse duration of 65 fs, repetition rate of 100 MHz and centre wavelength of 1235 nm; after being expanded, the laser beam was scanned by a two-axis galvanometer scanner; A deformable membrane mirror (MIRAO 52-e, Imagine Eyes) was employed to correct the optical aberration introduced by the microscope itself and the specimens; then the beam was focused by water immersion objective lens (Olympus UApo/340, 14 NA = 1.15) to a laser written PIC which was held by a piezo stage on top of a two-dimensional manual stage.
The generated third-harmonic light was collected by a condenser before being filtered and detected by a photomultiplier tube (PMT). Three-dimensional scanning of the specimen was realized through a galvanometer scanner (X and Y) and a piezo stage (Z). The aberration correction procedure involved sequentially adjusting the amplitudes of the Zernike polynomial modes added to the deformable mirror, in order to maximize an image quality metric, which was defined as the total image intensity. First, system aberrations resulted from the microscope light path were corrected by optimizing the THG signal from the rear surface of a cover glass. Then the remaining aberrations, which were introduced by the chip substrate and the depth of the component to be probed, were corrected (Supplementary Section A).
Measurement of the cross-sectional dimension of a waveguide. All the cross-sectional dimensions were determined through counting THG image pixels whose pixel-to-dimension ratio has been calibrated through features with known dimensions. For those waveguides with very strong type II low-density regions (corresponding to very strong THG signal), the cladding regions and the type II low-density regions were imaged separately to guarantee the visibilities of the cladding regions (as an example, separate THG images of waveguide 14 were shown in Fig. S3 in Supplementary Section B).
Measurement of the dimension of plasma emission spot during laser writing. During waveguides writing, the generated plasma emission spots were recorded with an in-line camera (Baumer VLU-12M). For repeatability of this measurement, the dimension of the plasma emission spot was determined in following way:
the camera settings, which were chosen to guarantee that there was always saturation only in the plasma emission spot, were fixed throughout fabrication of all waveguides; in this way, the measured dimension corresponded to an intensity threshold of plasma emission, bearing in mind that there is also an intensity threshold of writing laser for refractive index change. It is worth mentioning that during this measurement all the waveguides were written in the same depth. The normalized dimension of plasma spot The performances of the directional couplers and 3D tritters were measured through butt-coupling with polarization-maintaining fibre from the 777 nm wavelength laser (Thorlabs P1-630PM-FC-5) at vertical polarization.
